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ABSTRACT
System and methods of tracking a position of a mobile
device with an electromagnetic signal-transmitting antenna

include receiving electromagnetic signals from the transmit
ting antenna of the mobile device by a plurality of receiver
antennae of a base station and by one or more receiver
antennae of a relay station. The relay station transmits to the
base station timing information associated with the electro
magnetic signals received by the one or more receiver
antennae of the relay station. The base station computes a
position of the transmitting antenna of the mobile device
based on timing information computed from the electromag
netic signals received by the plurality of receiver antennae of
the base station and on the timing information received from
the relay station.
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1.
WRELESS RELAY STATION FOR RADIO

FREQUENCY-BASED TRACKING SYSTEM
RELATED APPLICATION

This application claims the benefit of and priority to U.S.
provisional application No. 61/928,496, filed Jan. 17, 2014,
titled “Wireless Relay Station for Radio Frequency-Based
Tracking System,” the entirety of which provisional appli
cation is incorporated by reference herein.
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FIELD OF THE INVENTION

The invention relates generally to systems and methods
for tracking the position of electromagnetic signal transmit
ting devices. In particular, the invention relates to radio
frequency (RF)-based wireless position tracking systems
that use one or more wireless relay stations.

15

calculations, this limited base receiver or receiver antenna

BACKGROUND

Position tracking systems can use a variety of configura
tions for tracking the two- or three-dimensional position of
a wireless device. In many arrangements, a system may
require three or more base receivers (or three or more base
antennae connected to a single base receiver) to receive

25

Some form of data from a wireless device and use that data

to calculate the position of the device. The data can be
timing information, signal strength, or angle of arrival
measurements of the signal transmitted by the device and
received at the base receiver(s) antennae of the system. In all
arrangements, the position of the base receiver antennae of
the system is important for calculating the position of the
device and often these antennae are wired to the system for
computing the position of the device.
Over the years, several different forms of tracking systems
have evolved with the most notable being Global Position
ing System or GPS. For GPS, the mobile receiver uses
timing information sent from satellites and then calculates
the position of the GPS receiver with the mobile receiver
doing the position computation using the timing information
from the satellite signals.
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One example design for a position-tracking system for
three-dimensional tracking comprises at least four base
receivers (or one base receiver with four base antennae)
wireless signals sent from the mobile wireless device being
tracked and send that information to the base station for

Each relay station communicates wirelessly with both the
device being tracked and a base station performing the
position tracking function. Alternatively, one or more relay
stations can be wired to the base station, with wires replac
ing the wireless communication channel. In that embodi
ment, each relay station is in a fixed position, Such as
plugged into an electrical outlet, or be battery powered.
During installation, each transmitter of each relay station
acts like one or more "devices' communicating with the
base station, and the base station determines the position of
that transmitter. This information locates the relay station
with respect to the receiver antennae of the base station. The
base station also locates the position of each receiver
antenna of a relay station with respect to the transmitter
antennae of that relay station. Alternatively, relay stations
can be placed at fixed known positions to provide the base
station with the known coordinates for making position
calculations.

device.

wired to the base station. These base receivers receive the

spacing caused by a wired connection can be especially
limiting.
A position-tracking system that incorporates one or more
wireless relay stations to add additional measurements used
for tracking by the position-tracking system can significantly
improve over position-tracking systems requiring fully
wired or tethered base receivers together with their corre
sponding antennae. Receiving timing information from the
device being tracked, each relay station can expand the
working volume or tracked area of the device and provide
more options for product integration and position-tracking
system set up. Also, by expanding the distances between
total receivers or receiver antennae, the position-tracking
system can improve position accuracy, allowing more pre
cise measurements.

SUMMARY

All examples and features mentioned below can be com
bined in any technically feasible way.
Embodiments of position-tracking systems described
herein, unlike GPS, perform position calculation using sig
nals sent from the wireless device being tracked. This allows
the device to be simple, but does add some complexity to the
position-tracking system. The position-tracking systems use
one or more wireless relay stations communicating with a
base station which uses multiple receive locations of the
wireless relay stations as coordinate references for perform
ing timing and positioning calculations on a wireless device
communicating with the base station and the wireless relay
stations. By incorporating one or more wireless relay sta
tions, the system can improve setup options, improve accu
racy and provide a larger working Volume for the wireless
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position computation. In one embodiment, the base receivers
are fixed in position in space and wired to the base station.
However, this design can be limiting as the wired base
receivers can reduce the working Volume and increase cost
because they are tethered to the base station, making spacing
of their antennae more difficult and expensive to setup. For
example, a wireless mouse tracked in three dimensions for
interaction with games or other interactive software pro
grams can only be tracked within the working area defined
by the spacing of the base receivers of the base station. If
these base receivers or receiver antennae are placed around
a television, the working volume is defined by the position
of the base receivers, and accuracy may diminish as the
device being tracked moves away from the central point of
the positions of the base receivers. If the position-tracking
system uses a device signal of arrival time differential
compared at each receiver (or antenna) for making position

65

During normal (tracking) operation, the device being
tracked transmits the signal used to generate timing infor
mation, this signal being received at both the wired base
antennae connected to the base station and the wireless relay
station(s) receiving antenna(e). The relay station can be
equipped with at least two receivers or receiver antennae and
uses the multiple receive points provided by these separate
receivers or antennae to compare timing differences in the
device signal arrival at each receiver or receiver antenna. As
the signal is received at the relay station, the time difference
of arrival (or, equivalently, the phase difference of arrival) is
calculated between both (or more) receivers or receiver
antennae in the relay station. Because phase (0) and time (t)
are related by 0-cot, where () is a Scalar, phase and time are
equivalent systems and Subsequent descriptions may be
denoted by time or time differences, as appropriate.

US 9,497,728 B2
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This timing data calculated by the relay station is sent to
the base station, preferably in a wireless manner, where the
base station can use that timing data from each relay station
receiver or receiver antenna as additional equations for
calculating the position of the device. By doing timing
comparisons and calculations at the relay station, the posi
tion-tracking system can avoid a timing path error from the
relay station to the base station, thereby allowing the relay
station to send data that is unaffected by radio propagation
and interference instability, Such as multipath on the round
trip. Because interference like multipath is additive, remov
ing one of the paths for this timing data significantly
improves system performance through the reduction of
multipath effects. If the relay station is configured with a
single transceiver and antenna, techniques can reduce the
effects of interference, such as implementing a duplex
system whereby the receiver portion of the relay station
transceiver receives at one spectrum, for example, 2.4 GHZ,
and the return transmission from the same relay station is at
a different spectrum, for example, 5.8 GHz.
Whereas using the same antenna for both receiving and
transmitting is optimal, it may not be trivial or cost effective
to multiplex the circuitry attached to this antenna to achieve
both functions in a real-time manner. Another technique is to
place the receiver and transmitter antenna concentrically, so
that they share the same origin. Designs for concentric
antenna, however, may be difficult to implement.
In one embodiment, the relay station is equipped with at

10

at least three receiver antennae of the base station to com

pute the position of the transmitting antenna.
BRIEF DESCRIPTION OF THE DRAWINGS
15

The above and further advantages of this invention may
be better understood by referring to the following descrip
tion in conjunction with the accompanying drawings, in
which like numerals indicate like structural elements and

25

features in various figures. The drawings are not necessarily
to scale, emphasis instead being placed upon illustrating the
principles of the invention.
FIG. 1 is a block diagram of an embodiment of a
position-tracking system, including a base station in com
munication with a relay station, for tracking the position of
an electromagnetic signal transmitting device.
FIG. 2 is a diagram for illustrating position measurements
based on device transmitter to base station receiver trans
missions.

least two receivers, or receiver antennae, and uses two

transmitters to retransmit the phase information of the
device, properly coded and correlated to its signal arrival at
the relay station receivers or receiver antennae. The relay
station sends this phase/timing information to the position
tracking system using any of a variety of means. This
transmission can be accomplished directly with common or
additional wireless signal channels. These signal channels
can communicate wirelessly on a different frequency chan
nel, for example, by using different encoding. This trans
mission can also be sent using powerline communication.
Preferably, the transmission is sent at a compatible fre
quency over one or both transmitter channels employed by
the transmitter(s) of the relay station.
In one aspect, a method of tracking a position of a mobile
device with an electromagnetic signal-transmitting antenna
include receiving electromagnetic signals from the transmit
ting antenna of the mobile device by a plurality of receiver
antennae of a base station and by one or more receiver
antennae of a relay station. The relay station transmits to the
base station timing information associated with the electro
magnetic signals received by the one or more receiver
antennae of the relay station. The base station computes a
position of the transmitting antenna of the mobile device
based on timing information computed from the electromag
netic signals received by the plurality of receiver antennae of
the base station and on the timing information received from
the relay station.
In another aspect, a position-tracking system comprises a
base station with a processor, at least three spatially sepa
rated receiver antennae disposed at locations known to the
processor of the base station. Each of the at least three
receiver antennae receive electromagnetic signals transmit
ted by a transmitting antenna of a mobile device. The
position-tracking system further comprises one or more
relay stations in communication with the base station and
with the transmitting antenna of the mobile device. Each
relay station is disposed at a distance from the base station
known to the processor of the base station. Each relay station

4
comprises a processor, one or more receiving antennae that
receive the electromagnetic signals transmitted by the trans
mitting antenna of the mobile device, and one or more
transmitter antennae. The transmitter antennae of each relay
station send timing information to the base station associated
with the electromagnetic signals received by the one or more
receiver antennae of the relay station. The processor of the
base station uses the timing information received from the
one or more relay stations and the timing information
associated with the electromagnetic signals received by the

30

FIG. 3 is a diagram for illustrating position measurements
based on relay station transmitter to base station receiver
transmissions.

FIG. 4 is a diagram for illustrating position measurements
based on device transmitter to relay station receiver trans
35

missions.

FIG. 5 is a flow diagram detailing embodiments of modes
of the relay station.
DETAILED DESCRIPTION
40

45

50

55

FIG. 1 shows an embodiment of a position-tracking
system 10 comprising base station hardware (or simply base
station)12 in communication with multiple base receivers or
receiver antennae 14 (herein referred to, interchangeably, as
receiver, receiving antenna, or receiver antenna 14) and with
one or more relay stations 16 (only one shown), for tracking
the position of an electromagnetic signal (e.g., radio fre
quency) emitting transmitter or transmitter antenna 18
(herein referred to, interchangeably, as transmitter, transmit
ting antenna, or transmitter antenna 18). The transmitter
antenna 18 is carried by, attached to, or embedded in a
tracked object. Although only one transmitter antenna 18 is
shown, the object can have more than one tracked transmit
ter antenna 18, to allow the orientation of the object to be
calculated based on geometric principles. For example, two
transmitter antennae, separated by a distance d, yield a
pointer, because the two transmitter antennae form a line
with known direction. Three transmitter antennae provide
enough information to calculate a three-dimensional orien

60

tation.

65

To track the position of a single transmitter antenna 18 in
three dimensions (x, y, z), one embodiment of the position
tracking system 10 has at least four receiver antennae 14.
For two-dimensional position tracking, the position-tracking
system 10 may have as few as three base receiver antennae
14. The base receiver antennae 14 are distinct and fixed in

space, and provide a reference frame within which the

US 9,497,728 B2
6
In this phase-based embodiment of the position-tracking
system 10, the phase of the RF signal transmitted by the
transmitter 18 is used to measure distance. A phase shift of
360° corresponds to one wavelength, and, by measuring the
phase differences of the transmitter signal recorded at two

5
transmitter antennae 18 is tracked. In this example, the base
receiver antennae 14 are disposed around a monitor 20.
Additional base receiver antennae can provide better cov
erage and more accuracy, at the expense of complexity and
COSt.

The configuration of the position-tracking system can be
reversed, with the base receiver antennae 14 being tracked
and the transmitter antennae 18 providing the reference
frame. Alternatively, inertial sensors could be integrated in
the object with the wireless transmitter antenna 18 being
tracked to provide orientation.
The relay station 16 has two or more receivers or receiver
antennae 22 (herein referred to, interchangeably, as receiver,
receiving antenna, or receiver antenna 22) and two or more
transmitters or transmitting antenna 24 (herein referred to,
interchangeably, as transmitter, transmitter antenna, or trans
mitting antenna 24). The two or more receiver antennae 22
are at known distances apart from each other and from the
transmitting antenna 24. The position-tracking system 10
can have multiple of Such relay stations, with each relay
station thus adding at least two additional receiver antennae
22 to the system. As noted above, addition receiver antennae
provide better accuracy and coverage. The relay station
receivers 22 provide the additional coverage for the posi
tion-tracking system to minimize multipath and to increase

base receiver antennae 14, the distance is calculated. In the

10

following equations (Eq.1-Eq. 4), r1, r2, r3, and ral represent
distances between the positions of the base receiver anten
nae 14 and the position of the transmitter 18, and are
represented by the phases. Receiver positions are denoted as

ICVOOSeefe. number.position coordinates and are fixed, known

quantities. Position coordinate 1, 2, 3 represent x, y, Z.
respectively.
15

. 4)

25

range.

The relay station 16 is effectively a transceiver that, when
acting as a receiver, provides additional information for a
tracking algorithm used by the base station 12 to compute
the position of the transmitter antenna 18. The signal
received by the relay station 16 are processed at the relay
station 16 (by the hardware portion of the relay station—not
shown that is part of the receiver) and re-transmitted to the
base receiver antennae 14. This transmission can be done by
cables or wirelessly. The relay station 16 can function
similarly to the base station 12, whose operation is described
below, to analyze a time of arrival difference at the multiple
receiver antennae 22 that are part of the relay station 16.
Alternatively, the relay station 16 can operate with a
single receiver antenna 22, in which case the received signal
from the wireless transmitter antenna 18 being tracked can
either be instantaneously re-transmitted by the relay station
16 (MIMO) to maintain a time relationship (provided the
distance path between the relay station 16 and each base
receiver antenna 14 is fixed and known) or converted to a
different frequency to avoid frequency collision or interfer
ence. MIMO (Multiple-Input Multiple-Output) systems use
more than one transmit antenna to send a signal on the same
frequency to more than one receive antenna.
The relay station can be any one of a variety of mobile
devices used for other functions. Such as Smart phones,
tablets, or laptops, provided the position of the relay station
16 is known or remains fixed in space during position
tracking operation (i.e., when communicating with the base
station 12 and the mobile transmitter antenna 18).
FIG. 2 shows an example of operation of the position
tracking system 10 using phase for timing comparisons. The
base station 12 has a processor (not shown), such as a central
processing unit or CPU, programmed to perform a position
tracking algorithm. The position-tracking algorithm is based
on a best-fit of the time of flight measurements between the
transmitter antenna 18 with the object and the base receiver
antennae 14. An example implementation of the position
tracking algorithm is described in U.S. application Ser. No.
14/354,833, filed on Apr. 28, 2014, titled “Systems and
Methods of Wireless Position Tracking, the entirety of
which application is incorporated by reference herein.

82-r1-r2

(Eq. 5)

ös-r1-r3

(Eq. 6)

8-r1-rá.

(Eq. 7)

30

The differences between the phase measurements (Ös,
Eq. 5-Eq. 7), which are calculated by the base station
35

40

45

50

hardware, are used to solve for X1, X2 and X3, which

represents the X, y, Z positions of the device transmitter
antenna 18, respectively. As is known in the art, this can be
Solved in a least squares algorithm, Such as Levenberg
Marquardt or in a Kalman filter. Also known in the art is that
more range measurements can be used to form an overde

termined solution, and also allows other methods to be used,

Such as weighted solutions, selecting a Subset of equations,
etc. These additional range measurements can be provided
for by the relay station 16.
FIG. 3 shows an example of transmissions from the relay
station 16 to the base receiver antennae 14. The relay station
16 resides at a location where the relay station can improve
in tracking the transmitter 18. For example, this location
may be on a wall, behind the user, on a ceiling. Before data
from the relay station 16 can be used to improve perfor
mance, the position of the relay station 16 relative to the base
station 12 needs to be determined. Specifically, the positions
of the receiver antennae 22 of the relay station 16 need to be
determined; this information can reside at the base station
12.

55

To determine the positions of the receiver antennae 22, the
transmitters 24-1 and 24-2 are utilized in a first manner.

60

65

These transmitters 24-1, 24-2 operate like transmitter
antenna 18, except that the transmitters 24-1, 24-2 transmit
at different frequencies from each other so that they can be
differentiated from one another. The positions of the trans
mitters 24-1, 24-2 are computed just like that of the trans
mitter antenna 18. The equations to compute these positions
are similar to Eq. 1-Eq. 7. The equations (Eq. 8-Eq. 14) for
transmitter 24-1, which use ranges rS, ré, r7, and r3, are:)
5=

Vorpirpos. 1-x)+(pirposs 2-x)^+(pitposs-x)

(Eq. 8)

US 9,497,728 B2
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and this information would be transmitted to the base station

V(rptrpose-x)+(rptrpose-x)+(rptrposes-xs)

(Eq.9)

12. Subsequently, as described above, the relay station 16
can provide tracking information for the device transmitter

r7 =

18.

V(rptrpossi-x)+(rptrposs-x)'+(rptrposs-xs)

FIG. 4 illustrates the additional receiver paths between the
transmitter antenna 18 and the relay station receiver anten
nae 22-1 and 22-2. Path r13 and path r14 correspond to the

(Eq. 11)

öss-rS-ró

(Eq. 12)

857-rS-r7

(Eq. 13)

8ss=rS-r8

(Eq. 14)

And the equations (Eq. 15-Eq. 21) for transmitter 24-2,
which uses ranges r9, r10, r11, and r12, are:

distances between the transmitter 18 and the receiver anten

nae 22-1 and 22-2, respectively. Relay station receiver
10

positions aC denoted aS rptrpOS,eceiver. number'position coordinates

and are fixed, known quantities, as determined above in
connection with FIG. 3. Position coordinates 1, 2, 3 repre
15

sent x, y, z, respectively. The measurements of the two
ranges r13 and r14 are performed in a similar manner to the
equations used by the base station 12 to compute the position
of the transmitter 18.
13=

vopposi-x)+(pupost-)-optposs-x)

(Eq. 15)

(rptrpossi-x)+(rptipossi-x)+(pirpoS 133-X) (Eq. 22)

V(rptrposio, i-x)+(pirposio2-x)+(pirpoS 10.3-X3) (Eq. 16)

(rptrpos4.1-x)'+(rptrpos42-x)+(rptrpoS 14.3-X3) (Eq. 23)

V(rptrposit-x)+(rptrpos11-x)+(rptrpos, 13-ys) (Eq. 17)

The difference between the phase measurements (Ös, a

10=

81st-r13-r14

r11 =

(Eq. 24)

Öolo-r'9-r10

(Eq. 19)

80-19-r11

(Eq. 20)

Eq. 24), which is calculated in the hardware (e.g., processor)
of the relay station 16 in a similar method to those deter
mined at the base station 12, is used by the base station 12
together with Eq. 5. Eq. 6, and Eq. 7 to solve for X1, X2 and
X, which represents the x, y, z, position of the transmitter
18, respectively.
Before the base station 12 can use the computed value for

80.2 =r9-r12

(Eq. 21)

send the value to the base station 12. This information is

25
12=

V(rptrpos21-x)+(rptrpos22-x)+(rptrpos 23-X) (Eq. 18)
30

These two sets of equations. (Eq. 8-Eq. 14) and (Eq.
15-Eq. 21) are used separately to solve for X, X and X
which represents the x, y, z, position, of each transmitter

Ös, from equation (Eq. 24), the relay station 16 needs to

35

used for cellular communication, Wi-Fi, etc., as is known in

antenna 24-1 and 24-2, respectively.

After the positions of transmitters 24-1 and 24-2 are
known, it is straightforward to determine the positions of the
receiver antennae 22. The two computed locations of the
transmitter antennae 24-1 and 24-2 provide reference points
for determining the locations of the receiver antennae 22.
Geometry and knowledge of the antennae layout provides
the locations of the receiver antennae 22. An example is to
place receiver antenna 22 in a line between transmitter
antenna 24-1 and 24-2. This provides exact knowledge of
where each receiver antenna 22 is positioned. This calcula
tion can be performed at the relay station 16 or at the base
station 12. After these positions are determined, the second
means of use of transmitter antennae 24-1, 24-2 occurs. The
relay station 16 transmits this position information using the
same transmitter antennae 24-1, 24-2 using standard infor
mation transmission methods, such as used for cellular
communication, Wi-Fi, etc., as is known in the art. Both the
base station 12 and the relay station 16 contain standard

40
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the art. Both the base station 12 and the relay station 16
contain standard circuitry for performing this operation,
which is multiplexed in at the appropriate setup time while
the position-tracking system 10 is in a tracking mode.
The relay station 16 is then placed in a mode that allows
its two transmitters 24-1 and 24-2 to transmit distinguishable
signals and to the base receiver antennae 14. As is known in
the art, this can take the form of frequency or time multi
plexing. Similarly to how the transmitter antenna 18 is
located using equations (Eq. 1-Eq. 7), the transmitters 24-1
and 24-2 are located using the same equations, but with
ranges r5-r8 (FIGS. 3) and r9-r12 (FIG. 3), respectively,
substituting for ranges r1-ra. This provides an x, y, Z.
position of each transmitter 24-1 and 24-2. From the posi
tions of the transmitters 24-1 and 24-2, the locations of the
receiver antennae 22-1, 22-2 can be determined as described
in connection with FIG. 3.

55

circuitry for performing this operation and is multiplexed in
at the appropriate setup time while the position-tracking
system 10 is in a setup mode.

FIG. 5 is an embodiment of a process 50 illustrating
operating modes of the position tracking system 10. When
position tracking system 10 is started, or when commanded,
it enters the selection mode 52. In the selection mode, a

mode is selected either to enter normal device tracking or to

In one alternative embodiment, the receiver antennae 22

and transmitter antennae 24 of the relay station 16 may be
embodied in a single antennae and transmission/receipt of
signals can be separated by time or frequency. In another
alternative embodiment, the position of the transmitter
antennae 24 and receiver antennae 22 may be fixed using
another device, such as a GPS or mobile phone with locating
ability. For example, a user might determine the position of
antennae 22 and 24 as derived from another device (GPS)

transmitted using the same transmitter antennae 24-1, 24-2
using standard information transmission methods such as

60
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set up the relay station 16. If, at step 54, normal tracking is
selected, the program enters normal tracking mode 64. If
instead, at step 54, the selected mode is to set up the relay
station 16, the process 50 proceeds to block 56. At block 56.
the transmitting antennae 24-1, 24-2 turn on such that
transmitting antennae 24-1, 24-2 are transmitting on differ
ent frequencies from each, as if transmitting antennae 24-1.
24-2 were separate devices being tracked (like a device with
transmitter 18).

US 9,497,728 B2
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In addition, the base station 12 is set (step 58) to track the
transmitting antennae 24-1, 24-2, and, thus, to determine
(step 60) their positions using equations Eq. 8-Eq. 21. The
positions of the transmitting antennae 24-1, 24-2 are saved
at the base station 12 so that equations Eq. 22-Eq. 24 can be
utilized to improve tracking performance. At step 62, the
relay station 16 Switches over from generating device sig
natures to transmitting phase difference data produced by
calculating equations Eq. 22-Eq. 24.
After step 62 completes, or if normal tracking mode has
already been entered, the position-tracking system 10 starts
tracking the device (i.e., the device transmitting antenna 18).
This tracking is accomplished by using the base station 12
to obtain (step 66) phase difference data from signals
received by the base receiver antennae 10, processed by
phase differencing hardware, and computing phase differ
ences as described by equations Eq. 5-Eq. 7. The base station
12 also has channels (which may be multiplexed from the
base receiver antennae 14, or in parallel) for receiving (step
68) the digital RF encoded data that is coming from the relay
station 16, which represents the phase difference

10

15

25

30

station 16 is first determined as if it were a normal tracked
35

receive antennae, a simple hook and appropriate weight can
place the relay station 16, and, therefore, the physical
antennae placement, into a known relationship. More elabo
rate schemes are detailed in the discussion of FIG. 3. This is

all performed in a setup mode, as described previously in the
process 50 described in FIG. 5.
After the locations of the relay stations transmitters 24 are
determined, the range from the transmit antenna 24 of the
relay station 16 to the base station antennae 14 can be
converted to phase measurements 6, and used to offset the
total range from the device to the relay station and then to
the base station antennae. This provides another set of
equations, as illustrated in equations Eq. 25-Eq. 33.

vocrpost-x)+(revipos, -r-revipos.-,

(Eq. 25)

vocrpos.-x)+(revipos.-)-(revipos.-e)

(Eq. 26)

Vircrpost-v) (reviposs-yr-reviposs-,

(Eq. 27)

40
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50

2=

55

3=

p'4=

(rcvrpos41-x)^+(rcvrpos4-x)^+(rcvrpos43-x)?

(Eq. 28)
60

"y(rCPOSrelaystation,

1)^+(revrposelaystation 2-2+

(rCvrposelaystation.3-3)

(Eq. 29)

81.relaystationl-relaystation-91

(Eq. 30)

82.relaystation2-relaystation-92

(Eq. 31)

(Eq. 33)

the range between the relay station 16 to the device trans
mitter 18. Additional equations Eq. 30-Eq. 33 are now
available for incorporating into the tracking solution. In Eq.
30-Eq. 33, 0, corresponds to wave cycles to prevent cycle
ambiguity, an example use of which is described in U.S.
patent application Ser. No. 13/975,724, filed Aug. 26, 2013,
and titled “Radio Frequency Communication System, the
entirety of which application is incorporated by reference
herein. One way to provide phase measurement or related
timing data (calculated from Eq. 30-33) to the base station
12 is for the relay station 16 to transmit it on a separate
frequency. Additional circuitry at the base station 12 can
provide filtering means to separate this data from direct
transmission from the device transmitter 18. Other tech

device. This determines the range between the relay station
16 and the base station 12. For non-concentric transmit/

4.relaystation 4-relaystation-94

Here, r1-ra are again the equations for the base station

or electrical outlet, but the encoded data connection to the

base station 12 is completely wireless. In the general
embodiment, a single multiplexed antenna or separate trans
mit and receive antennae are incorporated at the relay
station. The range of each transmit antenna 24 in the relay

(Eq. 32)

antennae ranges to the device transmitter 18; r., is

(östa r13-r14) measured at the relay station 16.

Equations for device position computation (for example,
Eq. 1-7 and Eq. 22-24) are performed in step 70 and another
computation cycle repeats, starting at step 66.
In one embodiment, a wireless relay station 16 is dis
closed. The wireless relay station can be powered by battery

83.relaystation3-rrelaystations
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niques such as spread spectrum encoding and decoding can
be used to allow multiple devices to share limited bandwidth
without interference. Ultra wideband or similar wide spec
trum transmission techniques, comparing time stamped
pulsed signals sent from the device transmitter to the relay
and/or base station, can also determine range and therefore
provide 0 or cycle wave count between device transmitter
to the relay station and/or base station receiver antennae.
One of ordinary skill in the art will recognize that label
ling the base station and the relay station is a designer
choice. Further, processing of signal data (i.e., the equations
above) and consolidation of the results from different receiv
ers to track an object may be split among processors at the
base and relay stations.
As will be appreciated by one skilled in the art, aspects of
the present invention may be embodied as a system, method,
and computer program product. Thus, aspects of the present
invention may be embodied entirely in hardware, entirely in
Software (including, but not limited to, firmware, program
code, resident software, microcode), or in a combination of
hardware and software. All Such embodiments may gener
ally be referred to herein as a circuit, a module, or a system.
In addition, aspects of the present invention may be in the
form of a computer program product embodied in one or
more computer readable media having computer readable
program code embodied thereon.
The computer readable medium may be a computer
readable storage medium, examples of which include, but
are not limited to, an electronic, magnetic, optical, electro
magnetic, infrared, or semiconductor System, apparatus, or
device, or any Suitable combination thereof. As used herein,
a computer readable storage medium may be any tangible
medium that can contain or store a program for use by or in
connection with an instruction execution system, apparatus,
device, computer, computing system, computer system, or
any programmable machine or device that inputs, processes,
and outputs instructions, commands, or data. A non-exhaus
tive list of specific examples of a computer readable storage
medium include an electrical connection having one or more
wires, a portable computer diskette, a floppy disk, a hard
disk, a random access memory (RAM), a read-only memory
(ROM), a USB flash drive, an non-volatile RAM (NVRAM
or NOVRAM), an erasable programmable read-only
memory (EPROM or Flash memory), a flash memory card,
an electrically erasable programmable read-only memory
(EEPROM), an optical fiber, a portable compact disc read

US 9,497,728 B2
11
only memory (CD-ROM), a DVD-ROM, an optical storage
device, a magnetic storage device, or any Suitable combi
nation thereof.

Program code may be embodied as computer-readable
instructions stored on or in a computer readable storage
medium as, for example, Source code, object code, interpre
tive code, executable code, or combinations thereof. Any
standard or proprietary, programming or interpretive lan
guage can be used to produce the computer-executable
instructions. Examples of Such languages include C, C++,

10

Pascal, JAVA, BASIC, Smalltalk, Visual Basic, and Visual
C++.

Transmission of program code embodied on a computer
readable medium can occur using any appropriate medium
including, but not limited to, wireless, wired, optical fiber
cable, radio frequency (RF), or any suitable combination

alternatives, modifications and variations would be or are

15

thereof.

The program code may execute entirely on a user's
computer, partly on the user's computer, as a stand-alone
Software package, partly on the user's computer and partly
on a remote computer or entirely on a remote computer or
server. Any Such remote computer may be connected to the
user's computer through any type of network, including a
local area network (LAN) or a wide area network (WAN), or
the connection may be made to an external computer (for
example, through the Internet using an Internet Service
Provider).
In addition, the described methods can be implemented
using ultrawideband for direct range measurement between
the device and the base and relay stations, on an image
processing device and/or infrared ranging at either the
mobile device or at the base and/or relay stations, or the like,
or on a separate programmed general purpose computer.
Additionally, the methods of this invention can be imple
mented on a special purpose computer, a programmed
microprocessor or microcontroller and peripheral integrated
circuit element(s), an ASIC or other integrated circuit, a
digital signal processor, a hard-wired electronic or logic
circuit such as discrete element circuit, a programmable
logic device such as PLD, PLA, FPGA, PAL, or the like. In
general, any device capable of implementing a state machine
that is in turn capable of implementing the proposed meth
ods herein can be used to implement the image processing
system according to this invention.
Furthermore, the disclosed methods may be readily
implemented in Software using object or object-oriented
software development environments that provide portable
Source code that can be used on a variety of computer or
workstation platforms. Alternatively, the disclosed system
may be implemented partially or fully in hardware using
standard logic circuits or a VLSI design. Whether software
or hardware is used to implement the systems in accordance
with this invention is dependent on the speed and/or effi
ciency requirements of the system, the particular function,
and the particular software or hardware systems or micro
processor or microcomputer systems being utilized. The
methods illustrated herein however can be readily imple
mented in hardware and/or software using any known or
later developed systems or structures, devices and/or soft
ware by those of ordinary skill in the applicable art from the
functional description provided herein and with a general
basic knowledge of the computer and image processing arts.
Moreover, the disclosed methods may be readily imple
mented in Software executed on programmed general pur
pose computer, a special purpose computer, a microproces
Sor, or the like. In these instances, the systems and methods
of this invention can be implemented as program embedded
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on personal computer Such as JAVAR or CGI script, as a
resource residing on a server or graphics workstation, as a
routine embedded in a dedicated fingerprint processing
system, as a plug-in, or the like. The system can also be
implemented by physically incorporating the system and
method into a software and/or hardware system.
Relative terms used herein, such as top, bottom, front,
back, side, left, right, above, below, upper, and lower, refer
to how features of the apparatus appear in the figures, and
serve to facilitate the description of the invention, and are
not meant to be interpreted as limitations.
While this invention has been described in conjunction
with a number of embodiments, it is evident that many
apparent to those of ordinary skill in the applicable arts.
Accordingly, it is intended to embrace all such alternatives,
modifications, equivalents, and variations that are within the
spirit and scope of this invention.
What is claimed is:

1. A position tracking system, comprising:
a base station with a processor,
at least three spatially separated receiver antennae dis
posed at locations known to the processor of the base
station, each of the at least three receiver antennae

25

30

receiving electromagnetic signals transmitted by a
transmitting antenna of a mobile device; and
one or more relay stations in communication with the base
station and with the transmitting antenna of the mobile
device, each relay station being disposed at a distance
from the base station known to the processor of the base
station, each relay station comprising a processor, one
or more receiver antennae that receive the electromag
netic signals transmitted by the transmitting antenna of
the mobile device, and one or more transmitter anten

35

nae, the one or more transmitter antennae of each relay
station sending timing information associated with the
electromagnetic signals received by the one or more
receiver antennae of that relay station to the base

40

wherein the processor of the base station uses the timing
information associated with the electromagnetic signals
received by and sent from the one or more relay stations
to the base station and timing information associated
with the electromagnetic signals received by the at least
three spatially separated receiver antennae to compute
the position of the transmitting antenna of the mobile

station;

45

device.
50
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2. The position tracking system of claim 1, wherein the
processor of a given one of the one or more relay stations
computes phase difference data based on the electromag
netic signals received by the one or more receiver antenna of
the given relay station, and the timing information transmit
ted from the given relay station to the base station includes
the phase difference data.
3. The position tracking system of claim 1, wherein each
of the one or more transmitter antennae of a given one of the
one or more relay stations retransmits time of arrival infor
mation associated with the electromagnetic signals received
by the one or more receiver antennae of the given relay
station, and the timing information transmitted from the
given relay station to the base station includes the retrans
mitted time of arrival information.

4. The position tracking system of claim 3, wherein the
processor of the base station subtracts time taken for the
65

retransmitted time of arrival information associated with the

electromagnetic signals received by the one or more receiver
antennae of the given relay station from an aggregate timing
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8. The position tracking system of claim 1, wherein two
information for those electromagnetic signals to reach the
base station by way of the given relay station, to isolate a or more receiver antennae of a given one of the one or more
path between the mobile device and the given relay station. relay stations are at known distances apart.
9. The position tracking system of claim 1, wherein at
5. The position tracking system of claim 3, wherein each least
one of the one or more relay stations is in communi
of the one or more transmitter antennae of the given relay cation with the base station over at least one wireless
station uses a different frequency from a frequency at which communication channel.
the electromagnetic signals are received by the one or more
10. The position tracking system of claim 1, wherein the
base station offsets the timing information associated with
receiver antennae of the given relay station.
electromagnetic signals received by and sent from a
6. The position tracking system of claim 1, wherein the 10 the
given
one of the one or more relay stations to the base station
processor of the base station computes a location of each of by timing
information associated with a distance of the
the one or more transmitter antennae of a given one of the given relay station from the base station.
one or more relay stations relative to the at least three
11. The position tracking system of claim 1, wherein at
spatially separated receiver antennae.
least
one of the one or more relay stations is disposed on a
7. The position tracking system of claim 1, wherein one 15 different side of the transmitting antenna of the mobile
of the processors determines a position of each of the one or device from the base station.
12. The position tracking system of claim 1, wherein the
more receiver antennae of a given one of the one or more
relay stations with respect to each of the one or more base station computes orientation of the mobile device.
k
k
k
k
k
transmitter antennae of the given relay station.

